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Highlights  
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• Decrement of THD methods are shown and MPPT method is evaluated. 
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ABSTRACT 

In recent years, the utilization of renewable energy sources has expanded significantly to mitigate the adverse effects 
associated with conventional energy sources, particularly carbon dioxide (CO₂) emissions. Due to the intermittent nature 
of the Photovoltaic (PV) system, the output power of the PV system fluctuates which affects the output power and power 
quality of the power system.  Maximum power point tracking techniques (MPPT) are utilized to overcome efficiency 
and power quality problems. In this paper, a hybrid MPPT algorithm is proposed to improve efficiency and power quality 
for grid-connected PV systems. The proposed MPPT combines modified incremental conductance and grey wolf 
Optimization. Incremental Conductance (INC), Modified Incremental Conductance (M_INC), Perturb & Observe 
(P&O), Modified Perturb & Observe (M_P&O), and Grey Wolf Optimization (GWO) MPPT methods are implemented 
in MATLAB and compared with the proposed algorithm. The simulation results ensure the outperform of the proposed 
algorithm to the other algorithms by possessing the lowest THD of 2.31% and it reaches the efficiency of 99.71% with 
less oscillation at the output. 

Keywords: THD, Grid connected PV system, Hybrid modified incremental conductance-grey wolf optimization, MPPT, 
Power efficiency  
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1. INTRODUCTION 

In recent years, global efforts have increasingly focused on the development and integration of 

emerging technologies. Solar and wind energies are most interested technologies, to address 

environmental challenges associated with conventional energy sources, which are major 

contributors to greenhouse gas emissions.[1], [2]. On-Grid and Off-Grid photovoltaic (PV) 

systems have significantly increased due to its effectiveness, scalability, versatility, and ease of 

installation [3], [4]. However, the low conversion efficiency of PV panels, primarily due to the 

materials used, such as crystalline silicon, necessitates ongoing research and development efforts 

to enhance efficiency, making it a critical area of study in the scientific community.[5], [6]. 

Unexpected variations in atmospheric conditions, known as partial shading conditions (PSC), can 

further reduce efficiency and increase the total harmonic distortion (THD), thereby deteriorating 

power quality in grid-connected PV systems. Additionally, the inverters used in grid-connected 

PV systems significantly influence THD, impacting overall system performance [7]. 

 

Maximum power point tracker (MPPT) algorithms can be the solution to overcome the THD and 

overall efficiency. The MPPT controls the duty cycle of the DC-DC converter by tracking the 

maximum power point (MPP) produced by the panels [8].  

 

MPPT techniques are generally categorized into conventional and unconventional methods. 

Conventional methods such as Incremental Conductance [9], Perturb & Observe [10], Fractional 

Short Circuit Current [11], and Fractional Open Circuit Voltage [12] In the other side, 

unconventional approaches including Particle Swarm Optimization [13], Fuzzy Logic [14], 

Artificial Neural Network [15], Artificial Bee Colony [16], and Cuckoo Search [17]. However, the 

traditional algorithms sometimes fails to track global maximum power point (GMPP). For this 

reason, hybrid MPPT algorithms are proposed to solve this issue such as Perturb & Observe-

Particle Swarm Optimization [18], Incremental Conductance-Dragonfly Optimization [19], and 

Artificial Neural Network-Variable Step Perturb & Observe-Fuzzy Logic Controller [20]. 

 

Table 1 illustrates some methods to reduce the THD in grid connected PV systems including 

different types of MPPT algorithms with and without filters. Outcomes of the papers show that 

proper MPPT algorithms have obvious effect to reduce the THD and enhance the overall 

efficiency.    
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In this study a new MPPT algorithm is developed to enhance the power quality of the grid 

connected system. The proposed hybrid M_INC-GWO MPPT algorithm’s performances are 

compared with INC, P&O, M_INC, M_P&O, and GWO algorithms. MPPT algorithms have been 

simulated under MATLAB/SIMULINK to evaluate the effect of MPPT algorithms on the THD 

and efficiency for grid-connected PV system. The following sections are prepared as: Section 2 is 

the theoretical background including PV panel, boost converter, MPPTs, inverter, and inductive 

filter. Section 3 covers the analytic results of the simulations including key factors such as THD 

at the MPP, tracking efficiency, power oscillation, grid current, and bus voltage stability. In section 

4 conclusion is given.  

 

Table 1. Literature review 
Ref Method Comments  
[21] Passive LCL filter Using an LCL filter improved the power quality where the 

THD is under the standard limitation  
[22] Passive LC filter Implementing an LC passive filter has significant 

improvement in reducing the THD from 91% to 2.62%. 
[23] Passive L and LCL filters The THD under the L filter was good around 1.56% while the 

LCL filter has remarkable enhancement where the THD is 

0.07% 
[24] three-level neutral point clamped Shunt 

active power filter 
Under varying conditions, the THD is still less than the 

standard. 
[25] Shunt active power filter controlled by 

Bat and Golden Eagle algorithms 
The simulations show that controlling the Shunt active filter 

by proper algorithms will enhance the THD, where Golden 

Eagle controlled has 3.17% and Bat controlled 1.91% of THD.    
[26] Series active filter The filter was designed on the DC side of the grid-connected 

PV system, where an inductor, two capacitors, and four 

transistor-diode pairs were installed in series to reduce the 

THD. As result, the THD reduced to 2.8% and 9.58% for 

voltage and current respectively. 
[27] MPPT algorithms Different MPPT algorithms such as perturb and observation, 

incremental conductance, fuzzy logic control, and Sliding 

mode control can affect the THD. In this paper, the THDs are 

3.68%, 3.48, 1.99%, and 1.34% respectively. 
[28] MPPT algorithms Three algorithms were compared to figure out the effect of 

MPPT algorithms to reduce the THD which are P&O, 

optimized P&O, and gravitational search. The proposed 

optimized P&O has the lowest THD of 3.11%. 
[29] Hybrid shunt active filter The atomic orbital search-feedback artificial tree technique 

has a significant decrease in THD which is 1.1% according to 
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other techniques such as enhanced particle swarm 

optimization, fuzzy logic control, and sliding mode control.  
[30] LCL filter-based Modified INC The effect of the modified INC has reduced the THD of the 

system from 1.18% to 1.15% under the LCL passive filter. 
[31] Hybrid MPPT algorithm The hybrid Bat-P&O algorithm has low THD (0.32%) 

compared to Bat (2.29%) and P&O (6.12%) algorithms 

separately  
[32] FLC-MPPT Fuzzy Logic Controller has significantly reduced the THD 

from 3.51% to 0.91% comparing to P&O algorithm. 

[33] LCL filter based ANN algorithm The LCL filter has enhanced the THD by reducing 99.78% 

comparing to without filter. Where the THD is dropped 

from12% to less than 0.1%. 

[34] Shunt active power filter based on hybrid 

FPSO 

By tracking the MPP using hybrid fuzzy particle swarm 

optimization and controlling the active filter with FLC, the 

THD has reduced to 2.22% comparing to the traditional 

algorithms. 

 

2. THEORETICAL BACKGROUND 

The produced power from the PV can vary depending on the irradiance and temperature. To 

clarify, the change in the inputs will affect maximum power point of the PV. In this paper, the 

temperature is constant while the irradiance varies as illustrated in Figure 1. 

 

 
Figure 1. Input irradiance  

 

The design of the grid-connected PV systems is shown in Figure 2, where the system has five main 

parts which are PV, boost converter, DC-AC inverter, inductive filter, and grid. 
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Figure 2. Grid-connected PV system 

 

2.1. PV Panel 

PV panels consist of cells composed of semiconductor materials which are convert the solar 

radiation to electrical energy. These cells generate an electric current when sunlight touches them 

because photons absorb energy and transfer electrons within the cell. In addition, these cells can 

be modeled by considering an equivalent circuit of PV panel. Generally, the equivalent circuit has 

one or more diodes which are paralyzed to the current source harvested from the cells. The 

equivalent circuit for one diode is presented in Figure 3, where the output current can be evaluated 

by using Kirchhoff's Current Law [35]. 

 

 
Figure 3. Equilibrium circuit of single diode PV cell 

 

𝐼𝐼𝑜𝑜 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑆𝑆𝑆𝑆 �exp �𝑞𝑞(𝑉𝑉𝑃𝑃𝑃𝑃+ 𝐼𝐼𝑜𝑜𝑅𝑅𝑆𝑆)
𝑛𝑛𝑛𝑛𝑛𝑛

� − 1� − 𝑉𝑉𝑃𝑃𝑃𝑃+𝐼𝐼𝑜𝑜𝑅𝑅𝑆𝑆
𝑅𝑅𝑠𝑠ℎ

  

 

(1) 

Where 𝐼𝐼𝑜𝑜, 𝐼𝐼𝑝𝑝ℎ, 𝐼𝐼𝑆𝑆, 𝐼𝐼𝑠𝑠ℎ, 𝐼𝐼𝑆𝑆𝑆𝑆, 𝑞𝑞, 𝑉𝑉𝑃𝑃𝑉𝑉, 𝑛𝑛, 𝑘𝑘, 𝑇𝑇, 𝑅𝑅𝑆𝑆, and 𝑅𝑅𝑆𝑆ℎ are output current, photocurrent, diode 

current, shunt current, Reverse saturation current, electron charge = 1.6 × 10−19 𝐶𝐶, PV voltage, 

Ideality factor, Boltzmann's constant = 1.38 × 10−23  𝐽𝐽 𝐾𝐾� , Temperature, Series resistance, and 

Shunt resistance respectively. 
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2.2. Boost Converter 

The working principle of a boost converter is to step up the voltage to the required output voltage 

for grid-connected PV systems. The general  circuit of the boost converter is shown in Figure 4, 

[36]. To design the boost converter in proper way, the used parameters must be evaluated correctly. 

The calculations can be done using equations 5, 6, 7, and 8. 

 

𝐷𝐷 = 1 − 𝑉𝑉𝑃𝑃𝑃𝑃
𝑉𝑉0

  (5) 

 

𝐿𝐿 = 𝑉𝑉𝑃𝑃𝑃𝑃×𝑆𝑆
𝑓𝑓𝑠𝑠×∆𝐼𝐼𝐿𝐿

  (6) 

 

𝐶𝐶0 = 𝐼𝐼0×𝑆𝑆
𝑓𝑓𝑠𝑠×∆𝑉𝑉0

  (7) 

 

𝑅𝑅 = 𝑉𝑉02

𝑃𝑃
  (8) 

  

Where 𝐷𝐷, 𝑉𝑉𝑃𝑃𝑉𝑉, 𝑉𝑉0, 𝐿𝐿, 𝑓𝑓𝑠𝑠, ∆𝐼𝐼𝐿𝐿, 𝐶𝐶, 𝐼𝐼0, ∆𝑉𝑉0, and 𝑃𝑃 are duty cycle, input voltage, output voltage, 

inductor, switching frequincy, input ripple current, capacitor, output current, output ripple voltage, 

and operating power respectively [37]. 

 

 
Figure 4. Boost converter 

 

2.3. MPPT Algorithms 

MPPT algorithms play a significant role in harvesting the maximum possible energy from the PV 

panels by adjusting the duty cycle of the used switch in the boost converter [38]. Selecting MPPT 

algorithms requires some critical points to be considered such as efficiency, settling time, 

robustness, oscillation and some other points. 
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2.3.1. INC 

INC algorithm is one of the most used MPPT algorithms due to its ease implementation and fast 

tracking feature by using current deviations comparison 𝑑𝑑𝐼𝐼
𝑑𝑑𝑉𝑉

. As illustrated in Figure 5, the INC 

starts by reading the measured voltage and current from the PV panel. Then the difference in 

voltage (𝑑𝑑𝑉𝑉) and current (𝑑𝑑𝐼𝐼) from the previous iteration will be calculated to adjust the duty cycle 

(𝐷𝐷) value which increased or decreased by small value (∆𝐷𝐷). The ∆𝐷𝐷 is a constant value less than 

0.001. To evaluate the instantaneous power which decides the position of the measuring point 

Equation 9 is implemented. 

 

𝑃𝑃 = 𝐼𝐼𝑉𝑉 ⇛ 𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉

= 𝐼𝐼 + 𝑉𝑉 𝑑𝑑𝐼𝐼
𝑑𝑑𝑉𝑉

  (9) 

 

From the Equation 9, when the slop is equal to zero means that the point is at the maximum, so 

the duty cycle remains same to extract the MPP if not the duty cycle will increase or decrease 

depending on the position of the slop [39]. 

 

2.3.2. M_INC 

The M_INC enhances the overall efficiency of the system and reaches the MPP faster than 

traditional INC. As seen in Figure 6, the algorithm will keep the duty cycle same as previous if the 

measuring point near to the MPP. Unchanged duty cycle is done by implementing the absolute 

value of the difference in power dP (n) 𝑛𝑛 < 0.005 to reduce the oscillation at the steady state 

which increases the system’s efficiency. From the other side, when the duty cycle is required to be 

increased or decreased the small change (∆𝐷𝐷) will be multiplied by absolute value of dP (n) which 

leads to reach the MPP faster than conventional INC algorithm. 
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2.3.3. P&O 

P&O algorithm is one of highly used conventional algorithm similar to INC. The main difference 

between the P&O and INC is that the P&O deals with the power directly as illustrated in Figure 7 

[40]. The algorithm starts by measuring the voltage and current from the PV panel and then 

computes the power by multiplying the voltage and current. After evaluating the power extracted 

from the PV panel, the algorithm calculates the differences in voltage and power from its one 

previous iteration (𝑑𝑑𝑉𝑉 𝑎𝑎𝑛𝑛𝑑𝑑 𝑑𝑑𝑃𝑃). After calculation, the P&O algorithm compares the values starting 

with the 𝑑𝑑𝑃𝑃 if it equals zero or not to figure out if the point at the MPP or not. Lastly, by comparing 

the 𝑑𝑑𝑉𝑉 with zero the duty cycle is increased or decreased depending on the position of the MPP.  

 
2.3.4. M_P&O 

Similar modification of M_INC is implemented to P&O algorithm to improve performance of 

P&O . As seen in Figure 8, the value of duty cycle is limited when the point is near to the MPP by 

comparing the value with absolute 𝑑𝑑𝑃𝑃,𝑛𝑛 < 0.005. In addition, the increment and decrement of the 

duty cycle when the 𝑑𝑑𝑃𝑃~ = 0 will be faster due to the multiplication of the small delta (∆𝐷𝐷) to 𝑛𝑛. 

Figure 6. INC algorithm Figure 5. M_INC algorithm 
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2.3.5. GWO 

GWO is unconventional algorithm that inspired from the real behavior of the wolfs, where the 

used technique for hunting the prey will go through some processes such as when to hunt, attack, 

take rest, change the prey, change the position etc. These processes will be leaded by alpha which 

is the fitness value for tracking the MPP in PV system. Generally, the wolfs will be divided into 

four groups at the head of hierarchy alpha takes a place, where the others will inform the leader 

with the last updates. Following the leader, Beta will be in the second place which helps the alpha 

directly. For the last two places, delta and omega take place to get the available solutions to the 

herd so the leader will decide which process will be implemented.  

 

The same concept is realized to evaluate the MPP, where the number of members at the herd will 

search for different positions and values of the power coming from the PV system. Then, by 

informing the fitness and updating the fitness’ value, the positions will be updated for each wolf. 

Figure 8. MP&O algorithm Figure 7. P&O algorithm 
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After convergence satisfied, the MPP will be found by using GWO algorithm otherwise the herd 

will go to next iteration. The flowchart of implementing GWO is shown in Figure 9, where the 

number of wolfs (i) is selected and the voltage and current are measured at the starting point. 

Before evaluating the best result, the fitness will be calculated and after finding the best result the 

satisfaction of convergence will be in process to decide if the system goes to next iteration [41]. 

 

 
Figure 9. GWO algorithm 

 

2.3.6. Hybrid M_INC-GWO 

M_INC-GWO algorithm combines the advantages of the M_INC and GWO to have the best 

possible output for all the necessary parameters such as THD, efficiency, stability. The flowchart 

as illustrated in Figure 10; after measuring the input voltage and current from the PV system the 

algorithm starts with the GWO until the best result is found due to the variation of the irradiance 
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then the M_INC algorithm will proceed by evaluating more accurate value. Otherwise, the hybrid 

algorithm will act as M_INC only. 

 

 
Figure 10. Hybrid M_INC-GWO algorithm 

 

2.4. Inverter 

The usage of inverter is to change the waveform of the harvested DC voltage from the PV panel 

to AC voltage considering the magnitude and frequency. General overview of inverter control is 

shown in Figure 11. PI controllers, park transformation and PLL are applied in control structure.  
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Figure 11. Inverter controller parameters 

 

2.5. Inductive Filter  

Inductance filter (𝐿𝐿𝑓𝑓) is used to limit the harmonic issue of grid connected PV system, where the 

value of 𝐿𝐿𝑓𝑓 can be calculated as shown in Equation 10. 

 

𝐿𝐿𝑓𝑓 = 0.1∗𝑉𝑉𝑉𝑉𝑛𝑛𝑉𝑉
2∗𝑃𝑃𝑉𝑉∗𝑓𝑓∗(𝑃𝑃𝑝𝑝𝑝𝑝/3)

  (10) 

 

Where 𝑉𝑉𝑉𝑉𝑛𝑛𝑉𝑉,𝑓𝑓, 𝑎𝑎𝑛𝑛𝑑𝑑 𝑃𝑃𝑝𝑝𝑉𝑉 are phase to phase inverter voltage, frequency of the grid, and total 

system power which is PV power. The 𝑃𝑃𝑝𝑝𝑉𝑉 is divided by three to measure the inductance value for 

each phase [42]. For all cases the inductive filter is 2.8mH.  

 

3.  ANALYTIC RESULTS 

This study presents a simulation of a grid-connected PV system using MATLAB/Simulink, as 

illustrated in Figure 12. The parameters of the PV panel, boost converter, and grid are detailed in 

Tables 2, 3, and 4 respectively. The INC, M_INC, P&O, M_P&O, GWO, and the proposed 

M_INC-GWO algorithms are tested to determine the effects of the MPPT algorithms on THD at 

the MPP, tracking efficiency, power oscillation, grid current, and bus voltage stability.  
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Figure 12. Gird connected PV system Simulink 

 

Table 2. PV parameters 
Parameters Name Value 
𝑉𝑉𝑂𝑂𝑂𝑂  (V) Open-circuit voltage 36.3 
𝐼𝐼𝑆𝑆𝑂𝑂 (A) Short-circuit current 7.84 
𝑉𝑉𝑚𝑚𝑝𝑝 (V) MPP voltage 29 
𝐼𝐼𝑚𝑚𝑝𝑝 (A) MPP current 7.35 
𝑃𝑃𝑀𝑀𝑃𝑃𝑃𝑃(W) MPP power 213.15 
𝐾𝐾𝑉𝑉 (V/℃) Temperature coefficient of the 𝑉𝑉𝑂𝑂𝑂𝑂 -0.36099 
𝐾𝐾𝑉𝑉 (A/℃) Temperature coefficient of the 𝐼𝐼𝑆𝑆𝑂𝑂 0.102 

𝑁𝑁𝑠𝑠 Number of cells per module 60 
 Parallel strings 17 

 Series-connected modules per string 14 

 

Table 3. Boost parameters 

Input C and R Output Capacitor Inductor Switch Frequency 

100𝜇𝜇𝜇𝜇 and 0.1mΩ 1000𝜇𝜇𝜇𝜇 1.623𝑚𝑚𝑚𝑚 5𝐾𝐾𝑚𝑚𝐾𝐾 

 

Table 4. Grid parameters 

Configuration Phase-to-phase voltage 

(Vrms) 

Phase angle of phase A 

(degrees) 

Frequency (Hz) 

Yg 380 0 50 

 



Int J Energy Studies                                                                                           2025; 10(1): 1203-1225 

1216 

 

 

 

a b 

c d 

e f 

Figure 13. THD values for each MPPT algorithms a) INC, b) M_INC, c)P&O, d) MP&O, e) 
GWO, f) M_INC-GWO 
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Figure 14. Tracking efficiencies of the MPPT algorithms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

c 

Figure 15. PV power oscillations for each MPPT algorithms a) INC and 
M_INC, b) P&O and MP&P, c) GWO and M_INC-GWO 
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Table 5. The results of the MPPT algorithms 

MPPT/parameters THD (%) Efficiency (%)  Oscillation  

INC 2.38 99.05 High  

M_INC 2.36 99.64 Low  

P&O 2.39 99.05 High  

M_P&O 2.35 99.64 Low 

GWO 2.41 99.83 Zero  

M_INC-GWO 2.31 99.71 Low  

 

The results for MPPT algorithms are demonstrated in Table 5. As shown in Table 5, after 

modifying INC algorithm the THD is reduced from 2.38% to 2.36%, the efficiency is enhanced 

from 99.05% to 99.64%, and the power oscillation is low. The THD is improved from 2.39% to 

2.35%  for P&O algorithm, and the other parameters has same values as INC and M_INC. 

Although the oscillation and efficiency of GWO algorithm are superior to traditional and modified 

algorithms, the THD is higher in comparison to them. However, the proposed algorithm has the 

advantages of GWO and M_INC by enhancing the tracking efficiency, PV power oscillation, and 

reducing the THD at MPP where the minimum THD of 2.31% is evaluated by M_INC-GWO 

comparing to the rest, leading to make the proposed algorithm outperform the others in overall. In 

addition, the other used algorithms have THD under the standard limitation which is 5%[43]. The 

output simulations of all algorithms for THD, efficiencies, and power oscillations are illustrated 

in Figure 13, 14, and 15 respectively. From the figures, the modified algorithms reduce both THD 

and power oscillations according to the conventional MPPT algorithms. From other side, the 

efficiency of system is increased.  

 

Figure 16 and 17  show grid current and DC bus voltage level for MPPT algorithms, respectively. 

As seen from Figures, the DC bus voltage and grid current is stable.  
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Figure 16. Grid currents for MPPT algorithms  

 

 
Figure 17. DC bus voltages for MPPT algorithms 

 

4. CONCLUSION 

This paper presents the design and simulation of grid connected PV system using the proposed 

hybrid MPPT algorithm called M_INC-GWO based on combination of a Modified Incremental 

Conductance and Grey Wolf Optimization. The simulation of M_INC-GWO was under 
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MATLAB/SIMULINK environment for enhancing the key parameters of the system such as THD 

at the MPP, tracking efficiency, power oscillation, grid current, and bus voltage stability. 

Simulation results of M_INC-GWO are compared with INC, M_INC, P&O, MP&O, and GWO. 

The simulation results show that all MPPT algorithms have notable tracking efficiencies over 99% 

and the M_INC-GWO has reached to 99.71%. The proposed algorithm demonstrates superior 

performance in reducing THD, achieving a value of 2.31%. In comparison, the THD values for 

INC, M_INC, P&O, MP&O, and GWO algorithms are 2.38%, 2.36%, 2.39%, 2.35%, and 2.41%, 

respectively. As a results, proposed method improve the power quality and efficiency of PV 

system.  

  

NOMENCLATURE 

PV Photovoltaic 

THD Total Harmonic Distribution 

MPPT Maximum Power Point Tracker 

MPP Maximum Power Point 

GMPP Global Maximum Power Point 

INC Incremental Conductance 

M_INC Modified Incremental Conductance 

P&O Perturb & Observe 

M_P&O Modified Perturb & Observe 

GWO Grey Wolf Optimizer 

M_INC-GWO Modified Incremental Conductance- Grey Wolf Optimizer 

DC Direct Current 

AC Alternative Current 

PSC Partial Shading Condition 
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